Ferroelectric-based photovoltaics have shown great promise as a source of renewable energy, thanks to their in-built charge separation capability, yet their efficiency is often limited by low charge carrier mobilities. In this work we compare the photovoltaic prospects of various phases of the multiferroic material BiFeO 3 by evaluating their charge carrier effective masses using first-principles simulations. We identify a tetragonal phase with the promising combination of a large spontaneous polarisation and relatively light charge carriers. From a systematic study of the octahedral distortions present in BiFeO 3 , we explain the relationship between structure and effective masses in terms of the changes to the orbital character and overlap at the band edges that result from changes in the geometry. The findings in this study provide some design principles to engineer desired effective masses in BiFeO 3 and similar materials through manipulation of their crystal structures in experimentally accessible ways.
Introduction
The field of ferroelectric (FE) photovoltaics, dating back to 1956, 1 experienced something of a renaissance in 2009 with the discovery of the switchable diode and bulk photovoltaic effects in the multiferroic material, bismuth ferrite (BiFeO 3 ; BFO). 2 The bulk photovoltaic effect, observed in BFO, arises from the absence of inversion symmetry in the crystal structure of the room temperature, R 3 c phase. 3 This asymmetry results in a giant spontaneous polarisation (∼ 100µC/cm 2 ), 4,5 thus setting up an in-built bias in the bulk that aids in charge separation in a photovoltaic device. Despite the intrinsic charge separation ability, FE materials such as BFO generally suffer from low charge carrier mobilities, leading to high recombination losses and limited device efficiency. [6] [7] [8] Increasing the mobilities in such FE materials would therefore lead to enhanced photovoltaic device efficiency.
Although mobility is a macroscopic quantity, it is the mobility associated with the electronic band edges that is of particular relevance to recombination rates. Since mobility is directly related to the dispersion of these bands, a material's charge carrier mobilities can be altered by modifying the curvature of the bands near the Fermi level. Manipulation of the crystal structure, for example by strain engineering, is one such route to tuning the curvature of electronic bands. Strain engineering, together with chemical doping, have been widely exploited in the semiconductor industry to control mobility in silicon-based devices. 9 In BFO, a wide range of crystal structures can be stabilised through strain 10, 11 and interface 12, 13 engineering. These structures include both FE and non-FE ones, of which the former are of particular interest for photovoltaic applications. There has been a great deal of interest in the tetragonal (spacegroup: P 4 m m) and tetragonal-like phases of BFO thin films, in particular, due to their giant spontaneous polarisation of ca. 150 µC/cm 2 .
10,11
How do the mobilities of the charge carriers compare across the BFO phases? In this work, we present an investigation within density functional theory (DFT) of the electronic properties of several FE and non-FE phases of BFO. We begin by considering the groundstate R 3 c phase, the higher temperature orthorhombic P n m a and cubic P m3 m phases, and the prototypical tetragonal P 4 m m phase. We also consider the theoretical R3 c phase, which is similar to the R 3 c phase but without the ionic displacement that gives the latter its spontaneous polarisation. We compare the charge carrier effective masses (m * ), which are inversely proportional to the mobilities, across these phases. We will show that the carriers in the room temperature FE (R 3 c) phase have considerably higher m * compared to some non-FE phases. Nonetheless we find that the tetragonal phase of BFO, which has a large spontaneous polarisation, has relatively low electron and hole effective masses.
In order to explain the differences in m * across the BFO phases, we systematically study the geometric transformations that map the BFO phase with the lowest m * , to the phase with the highest m * . The effects of these transformations on the m * are explained in terms of changes to the orbital character and overlap at the band edges. Previous works 11 have indicated that, with a judicious choice of substrate material, a BFO lattice with the desired spontaneous polarisation and m * can be fabricated. Our results therefore provide insight into the rational design of materials with optimum properties, particularly for applications in light harvesting.
Computational details
We consider the R 3 c, P n m a, P 4 m m, P m3 m and R3 c phases of BFO. Simulations of these phases were performed using DFT as implemented in the Vienna ab initio Simulation Package (VASP Version 5.4.1). [14] [15] [16] [17] We employ the version of the generalised gradient approximation parameterised by Perdew, Burke and Ernzerhof (PBE) 18 as the exchange-correlation functional, with an effective Hubbard correction, U eff , applied to the Fe d orbitals using the method of Dudarev et al. 19 This PBE+U method has been employed in this work to account for the known failures of standard local density and generalised gradient approximations to accurately describe the strong correlations in transition metal oxides. 19 We use a U eff of 4 eV for all calculations as this value has been found to best capture the electronic structure of BFO, particularly the orbital characters at the valence band maximum (VB max ) and conduction band minimum (CB min ).
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All of the calculations were carried out using the projector-augmented plane-wave method 21, 22 and a plane-wave cut-off energy of 520 eV, treating explicitly 15 electrons for Bi (5d 10 6s 2 6p 3 ), 14 for Fe(3p 6 3d 6 4s 2 ), and 6 for O (2s 2 2p 4 ). 1 A 40-atom, pseudocubic (pc) unit cell setting was used for all but the effective mass calculations in section 3.2 which, for reasons of efficiency, were performed using a 10-atom rhombohedral cell. Brillouin zone integrations for the relaxations and static calculations were performed on Γ-centred Monkhorst-Pack (MP) 23 grids: 9 × 9 × 9 for the pc unit cells and 11 × 11 × 11 for the rhombohedral unit cells. Density of states (DOS) calculations, requiring finer sampling of the Brillouin zone, were performed using a Γ-centred 11 × 11 × 11 MP grid in the pc unit cell setting. We relaxed the lowenergy phases of BFO such that all force components were less than 5 meV/Å. The unit cell shape and sizes of these phases were optimised such that all stress components were smaller than 0.06 GPa. All of the structure files and raw data are available in the Supplementary Information (SI) at Ref. 24 We use the modern (Berry's phase) theory of polarisation (MTP) 25, 26 to calculate the spontaneous polarisation of each structure. As noted by Neaton et al., 27 much care is needed when performing these calculations, especially in systems such as BFO for which the spontaneous polarisation P s is of the same order of magnitude as the quantum of polarisation Q.
We follow the procedure outlined in Ref. 27 .
We calculate the hole and electron effective masses for each of the considered BFO phases as follows. The effective mass of a given band, n, at a particular location in reciprocal space, k, is a 3 × 3 tensor quantity whose magnitude in a given direction is inversely proportional to the band curvature in that direction. m * can therefore be defined as:
where E n (k) is the energy dispersion relation for the n th band, and i and j represent reciprocal space components. To obtain m * we first compute the full band-structure along a path of high symmetry. We then identify the location of the VB max and the CB min in reciprocal space. The band curvatures at these points correspond to the hole effective mass, m * h , and the electron effective mass, m * e , respectively. Having identified these k-points of interest, we employ the method and code outlined in Ref. 28 to obtain the full m * tensors. In brief, the method involves generating a fine mesh around the k-point of interest, calculating the energy eigenvalues, and using a finite difference method to build up the tensor of second derivatives.
The dependence of m * on the spacing of this mesh was investigated, and spacings of less than 0.05 bohr −1 were found to give consistent results. For this work we calculate the eigenvalues of the effective mass tensor, which correspond to the effective masses along the principle directions. We quote the smallest of these eigenvalues as 'the' effective mass of the phase, and provide the full m * tensors in the SI.
To make the calculations tractable, we limit ourselves to a collinear treatment of spin, thus neglecting the long-wavelength (∼ 620Å) spiral spin structure found experimentally.
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All of the low-energy phases in the present work, with the exception of the P 4 m m phase, are found to adopt a G-type antiferromagnetic (AFM) ordering, consistent with previous work. 30 The C-type AFM ordering was found to be slightly lower (6 meV /f.u.) in energy than the G-type ordering for the P 4 m m phase, again in agreement with previous work.
30,31
3 Results Comparing the charge carrier effective masses, reported in Table 1 To gain insight into the variation of m * with the phases, we examine and compare the electronic structures of the BFO phases, particularly at the band edges -the locations at which the m * are evaluated. In Fig. 1 the band structure and density of states (DOS), pro- 
Effective masses of the phases of BFO
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Strain
Various experimental works have found the R 3 c phase of BFO to be stable over a large range of epitaxial strain: from −2.6% to +1.2%. [37] [38] [39] In addition, spontaneous polarisation in BFO has been found to be relatively insensitive to epitaxial strain values of up to ±3%. 32, 34 Epitaxial strain can also be used to stabilise other phases of BFO, such as the tetragonal P 4 m m phase, as summarised by Sando et al. 10, 11 Since we are interested in the transformation from the R 3 c to the P m3 m phase, which involves an isotropic change in lattice constants, we consider the case of hydrostatic, rather than epitaxial strain. We apply hydrostatic strains between −5% to +5% to a BFO unit cell constrained to the R 3 c symmetry. Fig. 5a shows the effect of such strain on the charge carrier effective masses.
The m * e changes significantly, decreasing from 3.02 m 0 in the unstrained cell, to 2.33 m 0 under 5% compressive strain. Under a tensile strain of between 1% and 3% we see an even larger decrease in m * e , from 3.19 m 0 to 0.60 m 0 , corresponding to a change in the location and character of the CB min . Figs. 5(b-d) show the projected bands and DOS for the −5, 0 and +5% strain cases. Similar figures for the other strain values are available in Fig. S2 of the SI.
24 From these figures a shift from an Fe t 2g to an Fe e g dominated CB min can be observed from 1% to 3% strain, which explains the sudden drop in m * e for large tensile strain, since the e g bands are more dispersive than the t 2g bands. We can understand the shift from a t 2g to an e g dominated CB min by considering the reduction in the splitting of the 
Rotation of the FeO 6 octahedron
To examine the effect of octahedral rotation on the electronic properties of BFO, we rotate the FeO 6 octahedron from the perfect cubic perovskite geometry about the [111] pc axis in the out-of-phase manner shown in Fig. 3a . In Fig. 6 we plot the dependence of m * on the rotation angle, θ. Both m * e and m * h increase with increasing θ. Around θ = 15
• we see a marked increase in the gradient of this relationship.
To understand the trends in m * with θ, we examine the electronic structures at VB max and CB min as a function of θ. In Fig. 7 we plot the projected bands and DOS of BFO with Translating the distorted octahedron (Fig. 8b ) also has little effect on m * h ; however, there is 2 Because we project the wavefunctions onto d orbitals defined with respect to the global Cartesian axes, the ability to resolve the difference between t 2g and e g states diminishes as the local octahedral axes rotate relative to the global Cartesian axes. In other words, the 'mixing' of the t 2g and e g manifolds may be an artefact of the way the projections are done. To unambiguously resolve the relative contributions of Fe t 2g and e g states, one might perform a transformation from the global Cartesian basis to one that is local to each octahedron, as was done in Ref. 40 . However, knowledge of the precise level of mixing between the Fe t 2g and e g states goes beyond the requirements for the present study. 
Discussion
In our investigations of the electronic properties in BFO, a clear trend between the orbital characters at the band edges and the resulting m * emerges. We find that presence of Fe We have demonstrated that the changes in the band edge characters and hence m * can be effected through geometric changes to the crystal structure. Extreme tensile strain, suppression of the octahedral rotation and suppression of the octahedral translation yield a much reduced m * in BFO. This trend explains the variation in m * across the BFO phases.
The high m * values of the R 3 c and P n m a phases can be attributed to the presence of octahedral rotation and translation in these phases. When we compare the R 3 c and R3 c structures, which contain similarly rotated octahedra, we find that the phase with the translated octahedron (R 3 c) has higher m * values compared with the untranslated phase (R3 c).
Interestingly, we find that when the rotation is completely suppressed (θ = 0), translation of the octahedron (within the range of study) has little effect on m * . Hence the P 4 m m structure, which has translation without rotation, also has lower m * values than those of R 3 c. The P m3 m structure has the lowest m * values of all the structures considered since it has neither octahedral rotation or translation.
For applications in light harvesting, materials with low m * values are required to allow the charge carriers to be transported to the electrode before the carriers recombine. Appreciable photovoltaic responses have already been recorded in BFO in the ground-state R 3 c phase.
2,41-44 Our study indicates that its crystal structure may be modified to optimise m * .
Particularly in thin film heteroepitaxial growth, some degree of control over the octahedral tilt angle and tilt pattern has been demonstrated experimentally in BFO and other oxide systems. 13, [45] [46] [47] [48] While the high temperature P m3 m phase of BFO has the required geometric features to result in low m * , its non-polar nature means that it lacks the in-built bias thought to be required for the bulk photovoltaic effect. We find that the tetragonal P 4 m m phase, which is experimentally accessible under compressive epitaxial strain, has both a large spontaneous polarisation and relatively low m * . However, the P 4 m m phase has been reported to have a larger optical gap than the R 3 c phase, despite the smaller electronic gap, which would adversely affect the efficiency of the device. 49 Further work is required to find a balance between these competing effects. Besides geometry manipulation, the band edge character can also be modified through chemical doping, 50,51 which may be an interesting subject for future work.
The effective masses obtained throughout this work correspond to those of pure bulk BFO at 0 K. In real devices however, temperature, charge carrier doping concentrations, impurities, grain boundaries, polaronic effects and FE domain walls could all play important roles in determining m * and hence µ. Some progress has been made towards including some of these factors in first-principles calculations, for example using semi-classical Boltzmann theory. 52 However, since our aim is to compare m * between the BFO phases, and to suggest approaches to improve m * further, we only consider differences in m * . That is to say, while factors such as temperature are likely to affect m * , we have made the assumption in this work that our 0 K results are a necessary precursor to including high temperature effects.
The effect of spin-orbit coupling (SOC) has been found to be significant in describing certain properties of BFO, such as its weak (Dzyaloshinskii-Moriya) ferromagnetism. that yield the lowest m * in the non-SOC case; i.e. those that were used in Table 1 for R 3 c.
Such differences are roughly an order of magnitude smaller than the differences in m * that we found by comparing the various phases of BFO, and hence we neglect the effects of SOC throughout this work. Further tests of the effect of SOC on the character of bands as a function of octahedral rotations are available in Fig. S6 . 24 
Conclusions
An important and often limiting factor in perovskite-based photovoltaics is their low charge carrier mobility. In this work we have employed first-principles methods to compare the charge carrier effective masses of both FE and non-FE phases of BFO and explore how the effective masses are influenced by changes in the crystal geometry. We find that the groundstate, FE R 3 c phase has relatively large m * values compared to those of some non-FE phases.
However, these non-FE phases lack the mechanism required for charge separation via the bulk photovoltaic effect. We therefore investigate the m * -determining factors in BFO, with 
